We have investigated both static and dynamic magnetic properties of polycrystalline CaRu 1−x Sc x O 3 system in order to clarify the role of Sc ions as a disorder for magnetic ordering. We have observed typical features of a ferromagnetic cluster glass state below around 40 K: (i) a broad, frequency-dependent peak in the ac magnetic susceptibility, (ii) a slow relaxation of the magnetization, and (iii) a continuous increase in the dc magnetic susceptibility in field cooling process. The composition dependence of characteristic parameters for the cluster glass state suggests that chemical segregation can hardly explain the clustering mechanism. We propose a possible picture that the ferromagnetic clusters are distributed uniformly and form the glassy state embedded in the paramagnetic and metallic host of CaRuO 3 .
I. INTRODUCTION
The Ruddlesden-Popper-type ruthenium oxides (Ca, Sr) n+1 Ru n O 3n+1 have been extensively studied because of a variety of electronic and magnetic ground states, such as a spin-triplet superconductor, an antiferromagnetic Mott-insulator, and a ferromagnetic metal [1] [2] [3] . This richness originates from the fact that Ru 4+ ions have more extended d orbitals than 3d transition metal oxides. Namely, various ground states emerge through two kinds of interplay. One is the interplay between itinerant and localized nature of 4d electrons. Strong hybridization between 4d orbitals produces relatively wide 4d bands, being favorable for metallic conduction. This itinerant character competes with the localized character resulting from the on-site Coulomb repulsion. The other is the interplay among the charge, spin, orbital, and the lattice degrees of freedom. Owing to the spatially extended 4d orbitals, Ru 4+ ions experience the strong crystal field from six surrounding O 2− ions coordinated octahedrally. As a result, the electronic states of Ru 4+ are sensitive to the distortion of a RuO 6 octahedron. In other words, they are easily modified by changing the lattice degrees of freedom. Indeed, the ground state of these ruthenates is tuned by applying a perturbation such as chemical substitution, pressure, and magnetic field. [4] [5] [6] [7] A nearly cubic perovskite CaRuO 3 (n = ∞) shows a metallic-like conduction and a paramagnetic susceptibility obeying the Curie-Weiss law. 8, 9 A large negative Curie-Weiss temperature of -140 K could lead to a magnetic transition at low temperature below around 100 K, but curiously enough, no long-range magnetic ordering has been found down to 1.5 K. 10,11 Kiyama et al. have found that the characteristics of the specific heat and high-field magnetization can be explained in the framework of spin-fluctuation theory on itinerant-electron magnetism. 12, 13 Furthermore, they have observed robust ferromagnetic spin fluctuations in 17 O NMR study. 14 Based on these results, they have suggested that CaRuO 3 is a nearly ferromagnetic metal. In contrast, Felner et al. have claimed that this compound is a spin-glass system because the magnetic susceptibility shows the irreversibility between zero-field cooling and field cooling processes in low magnetic fields. 15 Other groups have discussed from non-Fermi liquid behavior a possibility of a quantum criticality. 16, 17 In this way, the magnetic ground state of CaRuO 3 is still under debate. Nevertheless, there is a consensus that this paramagnetic metal has magnetic instability and would readily turn into a magnetically ordered state by a perturbation.
Chemical substitutions can be useful to understand the physical properties of such a system. (3N). A detailed recipe of preparation was described in our preceding paper. 21 X-ray diffraction patterns showed that all the prepared samples crystallize in the GdFeO 3 -type structure of the space group Pnma. In addition, the diffraction peaks shift systematically in 2θ and show no split with increasing x. Accordingly, chemical homogeneity of the Sc-substituted samples is likely to be ensured, though a full width half maximum (FWHM) in 2θ increased with Sc substitution; the FWHM of (242) peak changes from 0.20
• at x = 0 to 0.52 in a day). This long relaxation time makes it difficult to distinguish the glassy state from the ferromagnetic ordering through static magnetic measurements in the Sc-substituted samples.
Here we estimate the frequency-shift rate of T f per decade ω given by δT f = (∆T f /T f )/∆log 10 ω.
This parameter is useful for characterizing magnetic glassy systems. 3 ) ). 24 Thus, our system seems to be an intermediate material, i.e., a cluster glass material which consists of interacting magnetic clusters. In order to get more information, we have analyzed the T f data by fitting using the empirical Vogel-Fulcher law given by
where k B is the Boltzmann constant, ω 0 is the characteristic frequency, E a is the activation energy, and T 0 is the Vogel-Fulcher temperature. A value of E a and T 0 reflects the size of a cluster and the strength of the intercluster interaction, respectively. Rewriting Eq. (1) as
useful for analyzing the data. According to this expression, T f is a linear function of 1/ln(ω 0 /ω).
As shown Fig. 3 , the observed T f data have indeed good linearity. The solid lines represent the best fit to the experimental data by Eq. (2), where we fixed ω 0 /2π to be 10 12 Hz according to a previous study. 26 From the fitting, we have found that the E a /k B value (∼ 86 K) is unchanged by Sc substitution, while T 0 slightly increases from 22.1 K to 22.8 K with increasing x. A non-zero value of T 0 indicates that the ferromagnetic clusters interact with each other, from which we can exclude a possibility that our system is superparamagnetic. Besides, the increase in T 0 is agreement with There is no difference between χ FC and χ ZFC far above 40 K. With decreasing temperature, χ ZFC deviates from χ FC at a bifurcation point T ir (∼ 38.0 K) and shows a pronounced maximum at a peak temperature T m (∼ 24.5 K). An important feature is that T ir > T m , which occurs in ferromagnetic cluster glass systems, not in spin-glass systems. 27 Another feature is that χ FC continues to increase below T m , which also occurs in ferromagnetic cluster glass systems. 28, 29 A spin-glass system would show T -independent χ FC below T m (= T ir ). 27 The irreversibility between χ ZFC and χ FC below T ir is a sign of the freezing in spin-glass systems, while the higher T ir than T m in cluster glass systems probably reflects the formation of the clusters. Thus, we should consider T m as a freezing temperature of the ferromagnetic clusters.
To investigate how the ferromagnetic cluster glass state evolves, we measured the field dependence of magnetization (M-H curve). Next let us discuss a microscopic picture of the ferromagnetic cluster glass state. The composition dependence of E a and T 0 suggests that the ferromagnetic clusters with a specific size increase in number with increasing Sc content, or equivalently, Ru 5+ ions. This fact rules out the simplest possibility for the clustering mechanism that the ferromagnetic clusters result from domains of densely condensed Ru 5+ ions driven by phase segregation/ precipitation, because the cluster size is expected to change in this case. Here we shall consider the cluster size in relation to the twocomponent model proposed in our previous report. 21 In this model, the experimentally-observed dc magnetic susceptibility χ(x, T ) and magnetization M(x, H) of the Sc-substituted samples can be described using the expressions given by Finally, we mention a point of similarity between non-magnetic ion substitutions. We notice that CaRu 1−x Ti x O 3 system shows static magnetic properties similar to the Sc-substituted samples:
the x-independent onset of the dc magnetic susceptibility and the absence of saturation in the magnetization. 22 This fact implies that the non-magnetic ion substitutions induce a common magnetic state, i.e., the paramagnetic phase originating from CaRuO 3 and the ferromagnetic cluster glass phase driven by the substitution. For clarifying the common features, a comprehensive study of non-magnetic ion substitution effects is necessary.
IV. SUMMARY
We have investigated the static and dynamic magnetic properties of polycrystalline The inset shows the temperature dependence of the coercive force H c .
